Atomic oxygen, which can be liberated as an intermediate product in the decomposition of N 2 , is shown to be effective in removing N previously incorporated in SiO 2 layers grown in N 2 O. This removal results in a N distribution that is sharply peaked at the Si-SiO 2 interface for oxides grown in N 2 O by rapid thermal oxidation, but in a flat N distribution for N 2 O oxides grown in a furnace where the concentration of atomic oxygen is generally not substantial at the wafer position. This effect provides a means of tuning N profiles in a manner that may be useful for optimizing oxide quality. © 1995 American Institute of Physics.
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There is considerable interest in the enhancement of the electrical performance of thin gate and tunnel silicon oxides by the incorporation of N. One of the most favorable approaches is complete or partial growth of the oxide in N 2 O. [1] [2] [3] Since the electrical improvements have been linked to the amount and location of N incorporated in the oxide, 4 it is important to understand the correlations between oxide growth conditions and the N location and concentration. It has been shown that oxides grown entirely in N 2 O by furnace and rapid thermal oxidation ͑RTO͒ have distinctly different N concentration depth profiles. 4 In general, furnace oxides have a more or less uniform distribution of N throughout the oxide, while the RTO oxides have a peak of N at the Si-SiO 2 interface. Here we demonstrate that the cause of this difference is a reaction involving atomic oxygen that removes previously incorporated N from the oxide during an RTO process in N 2 O. Due to the process conditions in a furnace, this reaction is largely absent from furnace growth using N 2 O. These results shed light on the stability of N incorporation in gate and tunnel oxides, indicate pathways for the optimization of N concentration profiles and provide new insight into the nature of the Si oxidation process in the presence of reactive nitrogen oxide compounds.
The oxides used in this study were grown on ͑100͒ n-type silicon wafers. After a standard clean and HF-last dip, oxides were grown in either pure N 2 O or O 2 ambient in either a conventional furnace or by RTO. The growth temperature for these oxides was 1000°C, with final film thickness of 50-150 Å. High resolution chemical depth profiling of these samples was accomplished by x-ray photoelectron spectroscopy ͑XPS͒ measurements in conjunction with a HF and ethanol spin-etch process. 4 This process gives clean, uniformly etched oxides, and allows control of final sample thickness to within ϳ5 Å. The thickness of the etched-back oxides was calculated from the ratio of the XPS intensities of the oxide and substrate Si 2p peaks. This thickness measurement agreed with ellipsometry measurements to within Ϯ2 Å for oxides with thickness between 25 and 70 Å, and is accurate in the thickness range below 25 Å, where ellipsometry is no longer reliable. The rms roughness of the etched oxides measured by atomic force microscopy was less than 3 Å over areas of 0.04 -0.25 2 . XPS N concentration depth profiles for oxides grown or processed in various ways are shown in Figs. 1-3. These data, which have been calculated from the XPS peak intensities, show the actual ͓N͔ to ͓͑N͔ϩ͓O͔͒ ratio in the oxide, as a function of distance from the Si-SiO 2 interface. This calculation 5 finds the difference in normalized N 1s signal intensities between pairs of samples with oxide thickness differing by 5-10 Å, to give the amount of N which has been etched away in that thickness. In this manner, ͓N͔:͓͑N͔ϩ͓O͔͒ is an average over the 5-10 Å difference in thickness between etched oxide samples, rather than an exponentially weighted average over the 20 Å effective mean free path ͑electron exit angle 55°͒. The combination of the XPS measurement and the controlled spin-etching allows the N profile to be determined with greater depth resolution than any other method yet reported.
1,6-8 As we show below, a depth resolution of 5 Å is required to examine the sharpness of the N depth profile that can be produced by RTO in N 2 O.
In Fig. 1 we show the N profile for a 130 Å furnace grown N 2 O oxide and for a 93 Å RTO N 2 O oxide. As has been reported previously, 4 there is a substantial difference in the N profile. The furnace oxide shows a fairly uniform con- centration throughout the oxide, apart from the outermost layer which is the initial native oxide or which is grown during the push into the furnace. For the RTO oxide, the depth profiling method indicates that there is a peak in the N concentration at or just below the interface. ͑We note however, that this method is not suitable for resolving whether or not there is a low concentration of N extending substantially into the silicon.͒ To determine whether the fast temperature cycle during RTO was affecting the N distribution, a furnace oxide identical to the one profiled in Fig. 1 was given a rapid thermal anneal ͑RTA͒ in N 2 at 1000°C. This anneal had no effect on the N profile.
Two oxide samples from the same furnace oxidation as shown in Fig. 1 were then reoxidized in N 2 O by RTO at 1000°C. The N profile for the first of these two oxides,
interface, despite the different total oxide thickness of 156 Å. The complete absence of N in the RTO reoxidized oxides at greater than 35 Å from the interface clearly demonstrates that the N which had been present due to the initial furnace N 2 O oxidation was removed from the bulk of the oxide by the RTO N 2 O exposure. Integration of the area under the N profiles indicates that the total amount of N in the film after the RTO reoxidations was 0.6 times the amount present after the initial furnace growth.
While RTO reoxidation in N 2 O removes N from the bulk of the oxide, RTO reoxidation in O 2 does not have this effect. This is demonstrated in Fig. 2 where we show the N depth profiles for a 54 Å RTO oxide grown in N 2 O at 1000°C, and for a similarly grown oxide that was reoxidized in pure O 2 by RTO to grow an additional 20 Å of oxide at the interface. The amount of N in the film remains constant, within the 10% measurement accuracy, although the reoxidation partially spreads out the N peak that was originally at the interface. The incorporated N remains largely in place during reoxidation in O 2 and there is little or no N at the new interface position. Reoxidation of N 2 O oxides in O 2 and N 2 O ambients in a conventional furnace also has little or no measurable effect on previously incorporated N.
We conclude that there is a chemical reaction specific to the RTO N 2 O process that removes N previously incorporated in the oxide and replaces it with oxygen. A key difference between furnace and RTO oxidation is that the latter is basically a cold wall reactor process with the input gas being heated only by contact with the radiatively heated wafer. Thus a likely conclusion is that the N removal arises as a consequence of the initial thermal decomposition of N 2 O. The primary process in this decomposition 9 involves the creation of atomic oxygen:
After the primary reaction, secondary reactions may take place:
Here the M signifies any molecule which on collision with oxygen atoms catalyze the formation of molecular oxygen. The primary reaction ͑1͒ is the rate-limiting step, and ͑2͒, ͑3͒, and ͑4͒ progress quickly. The principle end products are N 2 , O 2 , and NO, with atomic oxygen occurring briefly during the reactions. In a furnace oxidation, the N 2 O decomposes in the beginning of the hot zone of the furnace tube, 10 and the gas species, which reach the wafer, are O 2 , N 2 , NO, and possibly NO 2 . ͑However, it does not appear that substantial NO 2 is present in the furnace hot zone 10 as the equilibrium constant 11, 12 at these temperatures strongly favors a high NO concentration versus NO 2 alone, except that it is at a reduced partial pressure. The N 2 does not react with the silicon at 1000°C, while it is generally believed that it is the oxidation of the silicon by NO that is responsible for the incorporation of N in the oxides. 10, 13, 14 In the rapid thermal processor, the decomposition of the N 2 O takes place at or near the surface of the wafer, rather than far away as is the case for a furnace process. This suggests that the O that is present in the intermediate step of N 2 O decomposition may reach the wafer in the RTO system, and may be playing a role in the removal of N from the oxide. To test this possibility we exposed a wafer with a furnace grown N 2 O oxide to a low pressure ͑0.9 Torr͒ gas ambient consisting of a ͑90%͒ O 2 /͑10%͒O 3 mixture. To simulate the conditions of a cold wall process the wafer was heated from the back by an enclosed quartz lamp to a temperature of roughly 875°C, measured by optical pyrometry. At this temperature ozone decomposes quickly into O 2 and O and thus can be used as a source of O near the wafer. The result of exposure was a gradual removal of the incorporated N. As shown in Fig. 3͑a͒ , longer exposures increased the degree of N removal in a manner consistent with O being a limiting reactant. Under these conditions no significant thickness of additional oxide was grown. We conclude that atomic oxygen exposure can indeed be effective in removing N from N 2 O grown oxides.
To further examine the role of atomic oxygen, we exposed furnace grown N 2 O oxide wafers to atmospheric pressure N 2 O in a furnace configuration in which the wafer was at the end of the hot zone near the N 2 O gas inlet. The estimated time between entrance of the gas into the cold inlet and contact with the wafer was 1.7 s. The amount of time the gas was hot was Ӷ1.7 s and is believed comparable to the N 2 O half-life at 1000°C of 0.3 s. The temperature of the wafer was measured with a thermocouple attached to the back of the sample. Results of a 60 s exposure to the N 2 O are shown in Fig. 3͑b͒ . This exposure removed essentially all of the previously incorporated N. The exposure also grew an additional 27 Å thickness of oxide, incorporating N in a manner that resulted in a very sharp distribution, peaked at the interface. The absence of UV radiation in this furnace further strengthens our conclusion that UV radiation is not involved in the N removal.
We conclude that wafer exposure to atomic oxygen at typical processing temperatures can readily reduce N that is incorporated in SiO 2 layers. Our results indicate that the decomposition of N 2 O in the vicinity of the wafer in a rapid thermal system can be a strong source of atomic oxygen, thereby explaining the differences in N incorporation profiles reported previously and demonstrated in Fig. 1 .
The results presented here, which establish a better understanding of the process that peaks the N concentration at the interface, provide a mechanism that may lead to further enhancement of oxide performance. The previous XPS study of the chemical bonding shifts of the incorporated N has provided strong indications that the N in N 2 O grown oxides is doubly bonded to Si atoms in the bulk of the oxide, but triply bonded to Si at or very close to the interface. 4 The triply bonded state provides a means of accommodating a Si bond that would otherwise be unsatisfied, thus constituting a latent or active interface state, if the N atom had not replaced an oxygen atom at the interface. In the bulk of the oxide, however, the doubly bonded N can be replaced by O during atomic oxygen exposure without generating any additional oxide trap states. This is demonstrated by the excellent electrical properties of RTO N 2 O oxides. N which remains in the bulk of the oxide has been linked with poor charge-tobreakdown in furnace N 2 O oxides. 15 We note however that N incorporation away from the interface may be beneficial in catalyzing the combination of atomic H into molecular H 2 as it diffuses towards the interface, thus stopping the activation of H passivated interface states. 16 N in the bulk of the oxide can also impede boron diffusion from a doped polysilicon gate. Bearing these points in mind, the now, more complete understanding of the reactions taking place during hightemperature exposure to nitrogen oxide compounds should allow tuning of the processing for ultrathin gate and tunnel silicon oxides.
